We used ambient seismic noise recorded by 24 Broadband Ocean Bottom Seismometers (OBS) deployed in the Gulf of Cadiz during the EC funded NEAREST project and seven broadband land stations located in the South of Portugal to image the sedimentary and crustal structure beneath the Eastern Atlantic and SW Iberia. We computed ambient noise cross-correlations to obtain empirical Green's functions (EGFs) between all station pairs using land seismometers and both OBS sensors, seismometers and hydrophones. Despite the great difference in the recording conditions and local crustal structure between the OBSs and land stations, we could compute EGFs, by applying a linear cross-correlation with running absolute mean average time normalization, followed by a time-frequency phase weighted stack. Dispersion analysis was then applied to the EGFs, between 4 and 20s period. The obtained dispersion curves allowed mapping the lateral variation of Rayleigh-wave group velocities, as a function of period. Finally, dispersion curves extracted from each cell of the 2D group velocity maps were inverted, as a function of depth, to obtain the 3D distribution of the shear-wave velocities. The 3-D shear wave velocity model, computed from joint inversion of OBSs and land stations data allowed to estimate the thickness of sediments and crust and the Moho depth. Despite the gap that exists between the OBSs and land station locations, our model displays a good correlation with the known geological structure. The derived sedimentary layer and crustal thicknesses and the obtained Moho depth are locally in agreement with the models proposed by other studies using near vertical, refraction and wide-angle seismic profiling. We conclude that ambient noise tomography could be a valuable tool to image oceanic domains, and also that it is possible to integrate seafloor-and land-based stations to derive a structure model in the transition domain between continent and ocean.
Introduction
The SW Iberia Margin (SWIM) is located at the eastern end of the Azores-Gibraltar fracture zone, which is part of the Eurasia-Africa plate boundary. The present day tectonic deformation is dominated by compression related to the NW-SE trending convergence of 3.8-5.6 mm/year between the two plates (Nocquet and Calais, 2004; DeMets et al., 2010) . This region is deforming across a wide active zone characterized by moderate to strong seismicity that includes a well-documented history of large earthquakes and destructive tsunamis, like the estimated M N 8.5, 1755 Lisbon earthquake, and represents one of the most important tsunamigenic areas in Europe (Baptista and Miranda, 2009 ).
The morphology of study area (Fig. 1a) , located West of 9°W, is characterized by a complex and irregular topography dominated by large seamounts, deep abyssal plains and massive rises such as the Gorringe Bank, Tagus Abyssal Plain and Horseshoe Abyssal Plain. To the East the topography is smoother and dominated by the Gulf of Cadiz accretionary Wedge (e.g. Gutscher et al., 2002; Gutscher et al., 2009a,b; Terrinha et al., 2009) .
The current knowledge of the SWIM tectonics and sedimentary structure is the result of an extensive investigation conducted by numerous European academic institutions during the last 20 years. The data acquired and used to define the structure include multi-channel seismic profiles and multibeam bathymetry (Sartori et al., 1994; Banda et al., 1995; Torelli et al., 1997; Gutscher et al., 2002; Gràcia et al., 2003a,b; Zitellini et al., 2004 Zitellini et al., , 2009 Rovere et al., 2004; Gutscher et al., 2009a,b; Martinez-Loriente et al., 2013) . These studies allowed for a comprehensive understanding of the meso-cenozoic and recent tectonics but some uncertainties remain (e.g. Duarte et al., 2013) : i) what is the most important source of tectonic stresses in the Gulf of Cadiz, the Eurasia-Nubia plate convergence, or the Gibraltar arc roll-back subduction? ii) Which of the large active faults identified could be responsible for the 1st November 1755 Earthquake and tsunami?; iii) the active fault responsible for the M~8.0 28th February 1969 remains to be identified.
The knowledge of the deep crustal structure in the SWIM area is much less known since only a few refractions and wide-angle reflections seismic (WAS) profiles have been conducted since the first WAS data acquired, which included sonobuoys, in the Tagus and Horseshoe Abyssal Plains in the mid-1970s (Fig. 1b, Purdy, 1975 . On the last decades only two WAS experiments were carried out with OBSs in this area. The SISMAR cruise (2001) which explored the southern part of the Gulf of Cadiz imbricated Wedge (GCIW), the Moroccan Margin and Northern Seine Abyssal plain (Fig. 1b, Gutscher et al., 2002; Contrucci et al., 2004; Jaffal et al., 2009 ) and the NEAREST-SEIS cruise performed at the Gulf of Cadiz and the southern Tagus and northern Horseshoe Abyssal plains (Sallarès et al., 2011 Martinez-Loriente et al., 2014) . These sparse studies concentrated on the deep offshore and an integrated image of the subsurface structure in the SW Iberia Margin still needs to be done, particularly in the transitional domain between the deep offshore and the continental onshore.
After the success of the ambient noise tomography during the last decade, there is a growing interest, not only in applying the same analysis to the seismic ambient noise recorded in OBSs, but also in integrating both land-and seafloor-based seismic stations. These integrated studies, with OBSs, require long duration records and numerical algorithms able to efficiently retrieve coherent signal from seismic ambient noise. Up till now, the studies carried out in oceanic domains are scarce (Harmon et al., 2007; Zha et al., 2014) and as well as joint land-ocean studies (Bowden et al., 2016) .
In the framework of the EU-funded NEAREST project (Integrated observations from NEAR SourcES of Tsunamis: towards an early warning system) a network of 24 broadband OBSs was deployed in 2007, for eleven months, in the Gulf of Cadiz and offshore Cape St. Vincent (Portugal) (c.f. Fig. 1a ), offering a unique opportunity to perform ambient noise tomography using seismic noise recorded at OBSs. The OBSs dataset was completed with data from 7 broadband, land-based stations from Lisbon University (LX) and the Portuguese (PM) seismic network.
The continuous ambient seismic noise data, recorded in the OBS hydrophone and seismometer, as well as on the selected land stations, were processed together to obtain Rayleigh wave empirical Green's functions (EGFs). The constructed waveforms, having a high contribution from hydrophone ambient noise data, enabled to obtain reliable interstation group-velocity dispersion curves and allowed to perform a 2D group velocity tomography in the period band of 4-20 s. Finally, we inverted the group velocities curves, for each cell of the 2-D tomographic maps, to obtain a 3-D shear wave velocity model in the area, as a function of depth, enabling us to estimate the thickness of sediments and the Moho depth in the SWIM.
Geological setting of SWIM
The plethora of available multichannel seismic (MCS) lines together with the nearly complete multibeam coverage, have allowed to define the sedimentary structure and recent tectonics in the SWIM (e.g. Zitellini et al., 2009; Terrinha et al., 2009; Martinez-Loriente et al., 2013; Duarte et al., 2013) . The active and most probably active tectonic structures identified (Fig. 1b) support the concept of diffuse plate boundary to accommodate the convergence between Nubia and Eurasia (Sartori et al., 1994; Duarte et al., 2013) . Deformation is distributed among numerous thrust faults as well as the SWIM lineaments, which are interpreted as vertical faults with a right-lateral movement (ibid.).
East of 10°W, the most conspicuous feature on the seafloor is the surface expression of the Gulf of Cadiz chaotic body (Fig. 1a) already identified (Bonnin et al., 1975) . Today this feature is considered as an accretionary wedge (the Gulf of Cadiz Accretionary Wedge -GCAW) due to the subduction roll-back of the Gibraltar block (e.g. Gutscher et al., 2012) that must have moved during the Miocene; but its current activity is questioned (e.g. Platt and Houseman, 2003) . Here the sedimentary cover is very thick and probably only MCS lines obtained with large energy air guns can image the basement, in order to decrease the uncertainty of the sediment thickness map in this area (Gutscher et al., 2009a,b) .
To gain knowledge on the thickness, nature of the crust and characteristics of the upper mantle other type of deep penetrating data is required, namely WAS profiles with recording stations both on the ocean and on land to constrain the marginal domains where most of the crustal thinning takes place. Purdy (1975) published the first crustal model in the area based on the interpretation of profile B/BR (Fig. 1b) . Using a nearly coincident MCS line, Rovere et al. (2004) made a re-interpretation of that profile confirming that a very thin crustal layer with velocities~6.0 km/s is underlain by an anomalous mantle with velocities~7.4 km/s. The IAM-6 line acquired during the IAM project (Banda et al., 1995) was recorded on land by several land-stations (Fig. 1b) . Despite the absence of Fig. 1 . a) Presentation of the study area and location of the seven land stations and 24 OBS (1 represents OBS01, and so on) used in this study. Background bathymetry and topography from http://w3.ualg.pt/%7Ejluis/mirone/misc/bat_atl_30c_j.grd.zip. Main geographical features shown: TAP -Tagus Abyssal Plain; HB -D. Henrique Basin; GB Gorringe Bank; MPP -Marquês de Pombal Plateau; SVC -São Vicente Canyon; SP -Sagres Plateau; HAP -Horseshoe Abyssal Plain; SV -Sagres Valley; PP -Portimão Plateau; HV -Horseshoe Valley; CV -Cadiz Valley; GCGulf of Cadiz; SG -Strait of Gibraltar CPR -Coral Patch Ridge; AW -Accretionary Wedge; CPS -Coral Patch Seamounts; SAP -Seine Abyssal Plain; RV -Rharb Valley. b) Geological setting of the investigated area. Red dots show the location of OBS and land stations. The tectonic features in the offshore are a simplified version of Duarte et al. (2013) (no distinction is done for blind faults or probable faults). Yellow -active or most probably active faults and the deformation front of the accretionary wedge (AWDF). White -the active SWIM lineaments with right lateral slip movement. The deep crustal structure has been investigated by refraction and wide-angle reflection seismic profiles in black. Dashed lines show profiles that are controlled by sensors in the ocean and thus are properly reversed: P2 - Sallarès et al. (2011); P1 -Sallarès et al. (2013) , Martinez-Loriente et al. (2014); Sismar-16 -Gutscher et al. (2002); SISMAR-13 -Thiébot (2005) , revised by Klingelhoefer et al. (2016); B/BR -Purdy (1975) , revised by Rovere et al. (2004) . Dotted lines are wide-angle reflection profiles investigated only by land stations: IAM-3 - González et al. (1996) ; IAM-GC1 and IAM-GC2 - González et al. (2001) . The colour background represents the crustal domains proposed by Martinez-Loriente et al. (2014) : dark shade of blue -Jurassic oceanic crust belonging to the Western Thetys; light blue -Jurassic oceanic crust belonging to the Central Atlantic; purple -Lower Cretaceous exhumed mantle belonging to the North Atlantic; orange and brown -continental crust, thinned along the margins. The main tsunamigenic faults identified are: GBF -Gorringe Bank fault; HSF -Horseshoe Fault; MPF -Marquês de Pombal fault; PBF -Portimão Bank fault. AWDF = Accretionary wedge deformation front. Green letters and lines show the location of the S-wave model cross-sections to be discussed in Figs. 9 and 10. recordings in the ocean and reverse shots, the data were interpreted to display a presumed oceanic domain with~80 km width and normal oceanic crust thickness (González et al., 1996) . The same methodology was also applied to lines IAM-GC1 and IAM-GC2 (Fig. 1b, González et al., 2001) . The seismic signal along these two profiles did not penetrate below the thick sedimentary cover of the accretionary wedge and only provided information on the thinning of the continental crust in the marginal domain. Gutscher et al. (2002) presented the first model for the structure of the crust based on OBS seismic recordings. Based on several isolated reflections, they suggested that the crust sampled by profile SISMAR-16 (Fig. 1b) had an oceanic nature with 6-8 km thickness. From the same mission, the nearly N-S profile SISMAR-13 (Fig. 1b) sampled by MCS and OBS recordings was modelled by Thiebot and Gutscher (2006) and revised by Klingelhoefer et al. (2016) . The thick sedimentary cover below the accretionary wedge precluded an accurate definition of the nature of the crust north of 35°N. Using indirect geophysical evidence these authors propose that the GCAW is also underlain by normal oceanic crust.
In the framework of the NEAREST-SEIS project, two long OBS profiles, P1 and P2 (Fig. 1b) were recorded across the Gulf of Cadiz. Profile P2 (Sallarès et al., 2011) was also recorded by land-stations, which allowed to obtain a continuous crustal section from thinned continental crust to the oceanic domain. Profile P1 was recorded from the Tagus Abyssal Plain (Fig. 1b) to the Coral Patch Ridge, crossing the Gorringe Bank and the Horseshoe Abyssal plain. The models obtained by Sallarès et al. (2013) and Martinez-Loriente et al. (2014) show a number of different crustal sections, from exhumed to normal oceanic crust. Using these models and an interpretation of the MCS seismic lines building on previous efforts (e.g. Rovere et al., 2004) , MartinezLoriente et al. (2014) proposed a new division of the SWIM crustal domains (Fig. 1b) .
According to Martinez-Loriente et al. (2014) , the Southern Tagus Abyssal Plain, the Gorringe Bank and the NW Horseshoe Abyssal are underlain lower Cretaceous exhumed mantle that developed during the early stages of the opening of the North Atlantic Ocean. The Accretionary Wedge, the Horseshoe Abyssal Plain and the Seine Abyssal plain are underlain by Jurassic oceanic crust originated at either the Central Atlantic or the Alpine Tethys oceanic spreading systems. This oceanic domain (Fig. 1b) forms a strip of width 100 to 150 km between the Algarve and NW Moroccan margins, underlain by thinned continental crust. These authors also propose the existence of a major lithospheric structure, namely the "Horseshoe Abyssal Plain Thrust", which separates at depth the Gorringe Bank domain from the Gulf of Cadiz crustal domain.
Onshore, the continental crust belongs to the South Portuguese Zone (SPZ) of the Iberian Massif, according to the paleogeographic division revised by Julivert et al. (1972) . The South Portuguese allochthone Terrain was accreted during the Variscan orogeny. Two other exotic terrains found in the SPZ affect only the more superficial crustal structure, north of the main investigated area in this work (e.g. Ribeiro et al., 1990) . Deep Seismic Sounding profiles show that three layers can be identified in the crystalline continental crust, upper, middle and lower crust (ILIHA-DSS Group, 1993 , González et al., 1998 .
The 1st November 1755 M N 8.5 and the 28th February 1969 M~8.0 events show that the SW Iberia Margin is able to generate destructive earthquakes and tsunamis. To investigate the micro-seismicity that might be associated with the active tectonic features in the area, the NEAREST project deployed a network of 24 OBSs that operated continuously for almost one year. This network allowed, for the first time, to record and locate numerous low to moderate magnitude earthquakes (ML = 2.2-4.8) that were, until then, unknown. This analysis revealed that the seismicity in this area is mostly concentrated at depths 40-60 km, with only few events nucleating shallower than 20 km (Geissler et al., 2010) . The nucleation of earthquakes at these depths, combined with structural characteristics of the basement in different parts off SW Iberia suggests that they occur within the upper mantle (e.g., Stich et al., 2010) .
The Gorringe Bank Fault (Fig. 1b) is a northwestward-directed thrust located at the northern base of this morphologic feature. This thrust uplifted the seafloor from approximately − 5000 m to − 24 m; it reached its paroxysmal activity in Miocene times and has accommodated negligible shortening since then (Sartori et al., 1994; Tortella et al., 1997) . The other large faults are the Marquês de Pombal fault, the Horseshoe fault and the the Portimão fault (Fig. 1b) . All these have been proposed as the tsunamigenic tectonic sources that may have caused the large event of 1755 (Zitellini et al., 2001; Gràcia et al., 2003a,b; Terrinha et al., 2003) .
Despite the large progress seen in the knowledge of tectonics and sedimentary structure of the SWIM region, an integrated image for the deep structure is still lacking. The diverse crustal domains recognized, from exhumed and serpentinized upper mantle, to normal oceanic crust and thinned continental crust, have very different rheological properties that control the maximum rupture of the largest earthquakes. A detailed characterization of these domains is therefore important to assess the seismic and tsunami hazard in the Southwest Iberia Margin.
Data and methodology
The NEAREST ocean bottom seismometer experiment started at the end of August 2007 with the deployment of 24 LOBSTER (http://www. awi.de/en/science/geosciences/geophysics/methods-and-tools/oceanbottom-seismometer/technology.html) which means Longterm Ocean Bottom Seismometer for Tsunami and Earthquake Research, from the German DEPAS instrument pool, and ended in August 2008 with the recovery of the instruments. These OBSs were equipped with two different sensors: a Guralp CMG-40T-OBS broadband seismometer, with a flat velocity response between 60s and 50 Hz, and a HTI-04-PCA hydrophone, with a flat response between 100 s and 50 Hz. A 24-bit data logger from SEND (Signal Elektronik GmbH), the Geolon MCS, was used to collect the data at a sampling rate of 100 Hz.
Inland, seven broadband stations were chosen to complete the OBSs network extending the study area into the onshore. Although equipped with different sensors and digitizers (two land stations with REFTEK 130-01 data logger and STS-2 seismometer of 120 s, three Guralp data logger with Guralp 3T seismometer of 120 s and two Guralp data logger with Guralp 3ESPc seismometer of 120 s) all the stations have a flat velocity response between 120 s and 50 Hz and record continuously at a sampling rate of 100 Hz.
The OBSs network was designed with a station spacing of about 50 km, similar with the one observed between land stations. A minimum distance of 100 km separates land and ocean arrays, creating a station gap across the continental platform.
To investigate the seismic noise recorded we computed the Normalized Power Spectra (NPS) for the ocean and land stations during the entire NEAREST experiment. All the spectrograms exhibit a similar pattern, showing that the same ambient seismic noise sources were detected across the entire network. Fig. 2 displays, as example, the NPSs calculated for the seismometer and hydrophone of OBS03 and for MESJ (LX network) land station (for location see Fig. 1 ). The ambient seismic noise sources are dominated by microseismic energy (primary and secondary peaks). These microseismic peaks are generated by different mechanisms, which convert ocean wave's energy into subsurface elastic energy, through a process linking ocean waves, seafloor and shoreline (Longuet-Higgins, 1950; Hasselmann, 1963) . The microseisms are strongest between 4 and 20 s (Fig. 2) and were identified in all seismic stations independently of their location (see Fig. S1 of the electronic supplementary material).
If the seismic noise sources are homogeneously distributed the Noise Correlation Function (NCF) between two seismic stations correspond to the empirical Green's function (EGFs) of the propagation medium Fig. 2 . Normalized power spectra of OBS03 and land station MESJ during the NEAREST campaign. The secondary and primary microseismics bands clearly show the contribution of oceanic storms, however, on the OBS vertical seismometer the noise level above 10 s is due to tilt noise. The horizontal scale shows the number of days from the start of recording. The relation to calendar days is given below. (Lobkis and Weaver, 2001; Campillo and Paul, 2003; Shapiro and Campillo, 2004; Snieder, 2004; Sabra et al., 2005a,b) . In theory, the NCF can only represent the EGFs between two points when the balanced net flux of energy becomes zero, however for most of the geographical areas under study, the noise sources are strongest along certain azimuths and there are only a finite number of independent sources (Schimmel et al., 2011) . To overcome this limitation, imposed by a seasonal distribution of the seismic sources, the noise cross-correlations should be stacked over long time spans. Under these circumstances the NCF of ambient seismic noise contains information about the distribution of the medium's seismic velocities between the two stations so it can potentially be used to infer subsurface velocity structure at different scales (e.g. Shapiro et al., 2005 , Silveira et al., 2013 , Matos et al., 2015 , Haned et al., 2016 . For the following analysis, we will consider the seismometer vertical channel from all seismic stations and the hydrophone channel from the OBSs.
To compute the daily cross-correlations we have followed identical data processing for land and OBSs dataset, like the one described by Bensen et al. (2007) . Firstly, the continuous data recorded by the 24 broadband ocean bottom seismometers and by the 7 broadband land stations were evaluated to perform a data quality control (visualizing probabilistic power spectral densities and one-day plots). Next, all the data were down-sampled to 1 Hz and split into one-day-length records.
After instrument response removal and conversion of the seismograms to true ground velocity, a de-meaning, de-trending and band-pass filtering [2-50 s] was applied to OBSs and land data records. The considered period range includes the primary and secondary microseisms, and it is also adequate for the interstation distances in our network.
After, the ambient seismic noise data analysis followed six main stages: (1) time and spectral normalization; (2) cross-correlation; (3) stack of the individual cross-correlation; (4) group velocity dispersion measurements; (5) quality control and selection of the acceptable dispersion measurements to perform a 2D tomographic inversion and; (6) inversion of the group velocities as a function of depth to image the 3-D velocity structure.
The time domain normalization reduces the contamination of earthquakes, instrumental irregularities and the effect of non-stationary noise sources near the seismic stations. At this step, two different methods were tested, the 1-bit and the Running Average Mean (RAM) normalization, following the methodology described in Bensen et al. (2007) . For the RAM normalization the width of the normalization window was 25 s, half of the maximum period of the passband-filter (ibid.). To assure the attenuation of strong narrow-band signals and to balance the frequency band of noise cross-correlations spectral whitening was applied.
All one-day time series were cross-correlated between all pairs of station-sensor (seismometer vertical channel and hydrophone). To stack individual cross-correlations we tried two different algorithms, the time domain linear stack and the time-frequency domain phase weighted stack (tf-PWS). The tf-PWS procedure (Schimmel and Gallart, 2007; Dias et al., 2015) , is an extension of the time-domain phase weighted stack (PWS) developed by Schimmel and Paulssen (1997) . Each sample of a linear stack is weighted by a coherence Fig. 3 . Cross-correlograms for the pair OBS04 (Z) and OBS05 (Z), stacked per month using a combination of 2 sorts of algorithms on both time-domain normalization and stack of the daily cross-correlations. a) 1-bit time domain normalization followed by linear stack; b) 1-bit time domain normalization followed by tf-PWS; c) RAM time domain normalization followed by linear stack; and d) RAM time domain normalization followed by tf-PWS. measure, which is independent of amplitude. This weight or phase coherence ranges between 0 and 1 as a function of time. It is one if the instantaneous phases of the signal at a given time are coherent, and zero if they are incoherent.
The tf-PWS, expressed as p tf (τ, f) is obtained by:
where S j (τ, f) is the S-transform (Stockwell et al., 1996; Schimmel and Gallart, 2005; Schimmel et al., 2011) of the jth time-series and S 1s (τ, f) is the S-transform of the linear stacking of all N time-series (crosscorrelograms). The phase coherence c tf (τ, f) is used to down-weight the incoherent portions of the linear stacking in the time-frequency domain (Schimmel et al., 2011) and ν is a variable for tuning the transition between coherent and less coherent signal summation. A combination of the described processing steps, with two time domain normalization approaches and two stacking methods were tested with a subset of the entire data. An example of these four different processing schemes, namely 1-bit normalization followed by linear stack, 1-bit followed by tf-PWS, RAM normalization followed by linear stack, and RAM followed tf-PWS can be seen in Fig. 3 . To assess the best approach, and to monitor the quality of the cross-correlograms, we computed the Signal-to-Noise Ratio (SNR). The SNR is defined as the ratio of the peak amplitude within the signal window and the root mean square (rms) in a noise trailing window (as defined in Bensen et al., 2007) . We observed that applying the RAM for time domain normalization and the tf-PWS to compute the final cross-correlograms produced the highest SNR values. Only cross-correlations having a SNR higher than seven were selected for the following analysis.
As mentioned before, we computed NCFs from a mix of sensors, including the vertical seismometer channel (Z) and the hydrophone (H) for the OBS. The equivalence of the NCFs is illustrated in Fig. 4a) to d) , where we show the EGFs computed between the channels H-Z, H-H, Z-H and Z-Z for the pair OBS04-OBS05. The resulting NCFs display very similar waveforms. However, when the hydrophone is considered the SNR of the computed EGF attains higher values due to lowest amplitude observed in the noise trailing window.
In the investigated frequency band we consider that the EGFs computed from the NCFs are dominated by fundamental mode Rayleigh waves. To measure the group velocity dispersion we measure the maximum energy on group velocity-period diagrams that are computed by applying the S-transform (Stockwell et al., 1996; Schimmel and Gallart, 2005) . This maximum energy was used to estimate the group travel time. This transform is similar to filtering the stack of crosscorrelograms using narrow-band Gaussian filters (Dziewonski et al., 1969) . To account for possible bias produced by changing spectral amplitudes, an instantaneous period was measured at the time of maximum energy and the true period represented in the filtered signal agree to the S-transform centre period.
To transform the group velocity dispersion curves between pairs of stations into a 2D velocity map, for each selected period, we used the group travel time as the input to the 2D tomographic inversion. We used the Fast Marching Surface Tomography code (FMST) (Rawlinson and Sambridge, 2005) , for performing travel time tomography. Instead of using conventional ray tracing this method computes the travel time of the evolving wave front for each grid point. The group travel times are inverted using the subspace inversion method (Kennett et al., 1988) , where the objective function includes smoothing and damping parameters to address the problem of non-uniqueness. Prior to inversion, a checkerboard test, which is discussed in the next section, was applied to define the optimal spatial grid spacing. The 2-D tomographic inversion program outputs the group velocity dispersion in each point of the grid for the different areas of SWIM.
Finally, at each specific point of the grid, well defined in terms of latitude and longitude, the group velocity dispersion was inverted to obtain shear wave velocity profiles as function of depth, using the iterative linearized least-square inversion method of Herrmann and Ammon (2007) . This algorithm iteratively perturbs a layered velocity model, where we control layers thickness, S-wave velocity, P-wave velocity, density, damping and smoothing, until the best fit between the observed dispersion measurements and the synthetic dispersion curve is achieved. Most of the S-Transform diagrams computed for station pairs at the ocean floor exhibit a dispersion branch with group velocities slower than 1 km/s (Fig. 5b and c) . In the Horseshoe Abyssal plain, the low velocities extend to longer periods suggesting a thicker sedimentary layer than in Horseshoe Valley (Fig. 5c) .
Results

Dispersion measurements
Across the Gorringe Bank, OBS01-OBS11 pair, the dispersion curve shows low velocities at shorter periods and rapidly increasing towards longer periods. There is no influence of a thick sedimentary layer, like the one detected in the case of the Horseshoe Abyssal plain and Horseshoe Valley.
The dispersion curve corresponding to the path from the D. Henrique Basin (OBS03) towards PBAR (Barrancos near the Spanish border) display low velocities at shorter periods, smoothly increasing to the longest periods analysed, reflecting the influence of a thicker crust.
Finally, the Rayleigh-wave group measurements obtained for the pairs OBS06-PBDV and PBAR-PFVI are quite similar suggesting that Marques de Pombal Plateau is underlain by continental crust.
Surface wave tomography
For each station pair the obtained group velocities, as a function of period, were transformed into group travel times, as a function of period. These travel times, between each station pair were computed in a 2-D spherical coordinates system, with an uncertainty of ±0.3 s due to the location of the OBSs at the seabed. Maps of the group-velocity lateral distributions were obtained using the FMST method (Rawlinson and Sambridge, 2005) . The dimensions of the grid were chosen based on synthetic checkerboard tests with different grid space sizes. The checkerboard tests are a quick and useful tool to evaluate the sensitivity of a given data set to resolve velocity structures of given shape, size and amplitude beneath a seismic network. These tests were conducted for several grid sizes in order to estimate the maximum available resolution with the network geometry. Only the ray paths corresponding to the selected group-velocity dispersion measurements were included in the checkerboard test. The input velocity model anomalies had a maximum perturbation of velocity at the nodes of 1.0 km/s. After several trials a grid with a lateral grid spacing of 18.5 km × 18.5 km was adopted. This value was chosen considering the trade-off between the smallest grid node-spacing and the resolution power (Fig. 6 ). Fig. 7 shows, on the top, the ray-path coverage at 8 s. Then it displays the checkerboard results for the periods of 8, 10 and 14 s. From the resolution tests, we concluded that the spatial resolution in the centre of the OBSs network is reasonable, due to the high density of crossing paths (c.f. Fig. 7a ). However, due to the gap between the seafloor-and land-based stations, we note a decrease in the resolution close to the coastline (Fig. 7b, c and  d) . The selected grid defines our velocity model on 1080 nodes, which constitutes the inversion grid.
During inversion a bi-cubic B-spline interpolation is applied to produces a continuous, smooth and locally controlled velocity medium. Travel-times are computed for all grid points of the medium. This inversion step allows both smoothing and damping regularization to be imposed in order to address the problem of solution non-uniqueness. When the model perturbations are estimated, the propagation paths are updated and retraced.
Finally, Rayleigh wave group velocity, for periods ranging from 4 to 20 s, are obtained in each velocity node of the inversion grid. The two main parameters that control the locally linearized travel-time inversion are the damping and smoothing factors. The damping factor prevents the solution from becoming instable, while the smoothing factor constrains the smoothness of the final model. After numerous tests with different sets of these two parameters, we observed that the final models did not show significant differences. Fig. 8 summarizes the Rayleigh wave group velocities obtained for the periods of 4, 10, 14 and 18 s. The sediment thickness map (Thiebot and Gutscher, 2006 ) is in Fig. 8a displayed for comparison. The 2D maps for the remaining periods can be seen in Fig. S2 of the electronic supplementary material. The group velocities, for the shorter periods, are mostly influenced by the sedimentary layer while the longer periods integrate already the properties of the crust. At the 14 s period, the group velocities are lower where the sediment is thicker (Fig. 8a) , namely at the Accretionary Wedge and the Horseshoe Abyssal Plain. The higher group velocities offshore, around 2.2 km/s, correspond to structural highs like the Gorringe Bank, the Coral Patch Ridge, the Portimão Plateau and the Marques de Pombal Plateau (c.f. Fig. 1a) .
In the 14 s map (Fig. 8d ) the low velocities associated with the Accretionary Wedge correlate well with the ones obtained by Thiebot and Gutscher (2006) . At the Horseshoe Abyssal Plain the observed low velocity anomaly are not coherent with the sediment thickness map, probably due to the lack of resolution of the Thiebot and Gutscher (2006) model in this western region. At 18 s, the Gorringe Bank and the D. Henrique basin, correspond to higher velocities, between 2.8 and 3.0 km/s, while the Horseshoe Abyssal Plain and the Accretionary Wedge are still associated with lower Rayleigh group velocities (1.6 to 2.0 km/s). The sensitivity kernels for two areas, Horseshoe Abyssal Plain and Accretionary Wedge, are presented in Fig. S3 of the electronic supplementary material.
S-wave velocity model
To derive a 3-D S-wave velocity model from the attained dispersion Rayleigh wave group velocities for 4-20 s in SWIM area, we applied, at each located velocity grid node, an iterative linearized least-square inversion method (Herrmann and Ammon, 2007) .
In the oceanic domain, the a priori velocity-model for each defined velocity grid node was obtained from previous studies for the SW Iberia (González et al., 1996; Gutscher et al., 2002; Sallarès et al., 2011; Sallarès et al., 2013) . The first layer is a water column with a Vp of 1.5 km/s followed by the upper sediments layer with a Vp of 2.0 km/s, a Vp/Vs ratio from 1.76 to 1.9 and a density of 1.5 g/cm 3 . The lower sediment layer has a Vp of 3.8 km/s, a Vp/Vs ratio of 1.73-1.80 and a density of 2.1 g/cm 3
. The upper, middle and lower crustal layers have a Vp of, respectively, 5.9, 6.4 and 6.8 km/s, a density ranging from 2.5 to 2.9 g/cm 3 and their Vp/Vs ratio ranges from 1.72 to 1.83. Finally, the upper mantle has a Vp of 7.9 km/s, a Vp/Vs ratio of 1.76 to 1.83 and a density of 3.3 to 3.4 g/cm 3 . For the continental domain, we used the dispersion measurements and the dispersion curve was attained. In the first one, we inverted for the thickness and in the following ones for the velocity. A fine-tune of the damping and smoothing values was also applied.
For each obtained S-wave velocity model we controlled several output parameters. After several tests which included different combinations of damping and smoothing values we defined that: a) the standard error dispersion fit should be smaller than 0.1 km/s; b) the mean residual dispersion fits lower than 0.05 km/s; c) the average residual dispersion fit lower than 0.08 km/s; d) the signal power fit N99.98% and e) the RMS change in the S-wave velocity model lower than 0.05 km/s. All S-wave velocity models, attained for each grid node, were achieved with values lower or equal to the optimum established values. An example of how the measured Rayleigh group velocities are fitted by the model can be seen in Fig. S4 (in the electronic supplementary material), in each iteration a Vs model is computed and displayed with a different colour line changing from red to blue, where the initial model is red and the accepted final model is blue.
The resulting S-wave velocity model, as a function of depth Below Sea Floor (BSF), is displayed in Fig. 9 for the selected depths 2, 8, 11 and 14 km. The entire set of S-wave velocity maps, namely one map for each km of model, from 1 to 20 km BSF, can be found in Fig. S5 , in the electronic supplementary material. The colour scale was chosen to allow an easy identification of the main layers in the derived model: (i) purple corresponds to the upper sedimentary layer and blue the lower sedimentary layer; (ii) green and yellow correspond to the upper and lower crust; (iii) layers in orange or red correspond to the upper mantle.
At shallow depths (2 km BSF), in the oceanic domain, the model displays low S-wave velocities, revealing the existence of the sedimentary cover. The S-wave velocity increases slightly from 2 to 8 km depth BSF but the shape of the anomaly is preserved, revealing that the sedimentary layer is thick. Deeper, at 14 km, the S-wave velocity reaches upper mantle values in the oceanic domain while keeping crustal values in the continental margin and onshore. The Gorringe Bank doesn't show a high S-wave anomaly because it is poorly resolved by our dataset with only a single station to the NW of this feature. At 11 km depth BSF the high Swave velocity anomalies in the Horseshoe Abyssal plain hint to a very thin crust in that area.
The S-wave tomographic model is also explored along six vertical Swave velocity cross-sections, identified as green lines on Fig. 1b . Two of these lines were chosen to coincide with the deep seismic sounding (DSS) profiles published by Sallarès et al. (2011) , Sallarès et al. (2013) and Martinez-Loriente et al. (2014) , and can be seen in Fig. 10a and Fig. 10b . The other four of these vertical cross-sections are presented in Fig. 11a)-d) . 
Interpretation
The cross-correlation of seismic noise between OBS and land stations allowed for the first time to derive a tomographic image of Swave velocity for the crust and upper-mantle in SW Iberia. This area has been extensively investigated by MCS providing a detailed image of the sedimentary cover but the deep structure is much less understood. Only two long and properly reversed WAS profiles are available, profile P1 (Martinez-Loriente et al., 2014) and profile P2 (Sallarès et al., 2011 ) (see location in Fig. 1b) . Additional information is provided by the revised B/BR profile in Rovere et al. (2004) and by the non-reversed profile IAM-3 in González et al. (1996) . To make a geological and geophysical interpretation of the new S-wave velocity model we first compare vertical cross-sections with the published results from WAS profiles and then extend the interpretation to the whole area investigated, discussion a series of 4 additional vertical cross-sections. The profile and cross-section location is given in Fig. 1b .
The P-wave velocity models and the coincident S-wave cross section are given in Fig. 10a and b for profile P2 (cross-section E-T) and profile P1 (cross-section A-G) respectively. To simplify the comparison between both models the S-wave color code was chosen to be identical to the P-wave code with velocities ratio of 1.76. The poorly constrained areas in the S-wave cross-section are shadowed. This shadowing is replicated in the P-wave velocity model. As mentioned in Section 4.2 and Fig. 7 the resolution kernel is poor between the seafloor and land based stations, due to the lack of seismic stations in the continental Fig. 8 . a) Sediment thickness from Thiebot and Gutscher (2006) . b) to e) or: 4, 10, 14 and 18 s. The values used in the starting homogeneous velocity models were, respectively: 0.7, 0.9, 1.5 and 2.2 km/s. Seismic stations are represented with red dots. platform, meaning the worst-resolved part of the velocity model corresponding to the distance along profile between 150 km and 280 km of Fig. 10a .
Two main horizons have been interpreted in the S-wave velocity cross-sections, the base of the sedimentary cover and the inferred crust-mantle transition. Profile P2 (Sallarès et al., 2011) and coincident cross-section E-T (Fig. 10a ) run approximately North-South (Fig. 1b) and sample the un-thinned continental crust of the South Portuguese Zone, the marginal transition domain where continental crust thins to b10 km, cross the Ocean-Continent Transition (OCT) and end in the south over oceanic crust of normal thickness and structure (Sallarès et al., 2011) . The S-wave velocity model also shows a thick crust on the northern side where the crust-mantle boundary is not found, because it is deeper than 20 km, the deepest depth sampled. Only two crustal layers can be identified, with the upper and mid crustal layers identified by González et al. (1998) probably merged in the S-wave model.
The thickening of the sedimentary from North to South is well imaged by the S-wave model, but it exceeds the thickness inferred by the P-wave model in the deeper domains. Between 30 and 100 km the S-wave model shows a very thick layer with velocity similar to sediments, overlying a thin crustal layer. These features are not present in the P-wave model nevertheless constrains well with sediment thickness map of Thiebot and Gutscher (2006) (Fig. 8a) . However, this section of the P-wave model coincides with a domain that has an anomalous structure when compared to a typical oceanic crust, a thicker layer with velocities lower than 5.5 km/s and a thin layer with velocities N6.5 km/s. We interpret the S-wave model results as a lower resolution image of this transitional domain identified in the P-wave model.
Profile P1 (Martinez-Loriente et al., 2014) and coincident cross-section A-G (Fig. 10b ) run approximately NNW-SSE (Fig. 1b) . This section starts in the Tagus Abyssal plain in an area poorly resolved by the Swave model. It crosses the Gorringe Bank, traverses the Horseshoe Abyssal Plain and ends in the Coral Patch Ridge. This profile crosses 3 of the crustal domains as identified by Martinez-Loriente et al. (2014) , from NNW to SSE (Fig. 1b) , Lower Cretaceous exhumed mantle belonging to the Central Atlantic, Jurassic oceanic crust belonging to the Western Thetys and Jurassic oceanic crust belonging to the Central Atlantic.
The comparison of S-wave and P-wave velocity models show that in these deep water domains the S-wave model gives a thicker sedimentary cover. This is particularly evident in the top of the Gorringe Bank but we must remark that, without any OBS placed close by, this area is poorly defined by the S-wave model. The basement relief, however, is well recovered by the S-wave model. The small lateral differences seen between both models can be ascribed to the lower horizontal resolution of the S-wave model. The variable thickness of the crust, or the layer with crustal velocities, is also well recovered by the S-wave model. At Fig. 10 . Comparison of S-wave cross-sections and 2-D velocity models obtained by tomographic inversion of active seismic data. Location of profiles is given in Fig. 1b. a) Cross-section E-T and P-wave model of profile P2 by Sallarès et al. (2011) . b) Cross-section AG and P-wave velocity model of profile P1 by Martinez-Loriente et al. (2014) . The S-wave colour code is identical to the P-wave code with P velocities divided by 1.7. Circles in the cross-section mark the location of OBS in the passive NEAREST experiment. Open circles are projected locations. The black dashed lines in the cross-section are the interpreted base of sediments and crust-mantle transition.
the Gorringe Bank area these crustal velocities are interpreted as being the result of extensive and deep penetration serpentinization of the mantle (Martinez-Loriente et al., 2014; Sallarès et al., 2013) . The Horsehoe Abyssal plain is show to be (in both models) underlain by very thin oceanic crust or serpentinizied upper-mantle, while the Coral Patch Ridge shows, in both models, normal (S-wave) or slightly thinned (P-wave) oceanic crust.
The analysis of coincident P-and S-wave cross-sections showed that the S-wave model derived in this work provides reliable estimates on the basement relief and on the variations of thickness of the crust or layers with crustal velocities. In the deep water particularly the Swave model provides an excessive estimate on the sedimentary cover thickness. Due to the differences in horizontal resolution between both models, the S-wave features are sometimes slightly displaced in relation to the same features seen in the P-wave model.
We have also examined the S-wave tomographic model along 4 additional cross-sections (Fig. 11a to d) , which location was given in Fig.  1b .
Cross-section H-D (Fig. 11a) , with a direction WSW-ENE starts at the western tip of the Central Atlantic Jurassic oceanic crust domain and ends in the thinned continental crust domain, as defined by MartinezLoriente et al. (2014) . We observed a thickening of the sedimentary cover in the deep-water areas, but the estimated thicknesses are likely to be in excess. The thinned continental crust domain is well imaged in the ENE, after km 140 in the model. The oceanic crust domain, however, seems to be underlain by anomalous thin oceanic crust or serpentinized upper mantle. The crustal structure is to the one found in the Horseshoe Abyssal Plain, discussed in Fig. 10b .
Cross-section A-B (Fig. 11b) , with a direction NW-SE, is similar to profile P1 discussed above. It also starts in the Tagus Abyssal (an area poorly resolved by the S-wave model), crosses the Gorringe Bank, traverses the Horseshoe Abyssal Plain (HAP) and ends in Horseshoe Valley (Fig. 1a, b) which is presumed to be underlain by Jurassic oceanic crust belonging to the Western Thetys (Martinez-Loriente et al., 2014) . The Swave model shows a thick layer at the Gorringe Bank and NW HAP with velocities that are interpreted as representing a thick layer of exhumed and altered upper mantle. The S-wave model, SE of km 100, shows a thin layer with crustal velocities, beneath a thick pile of sediments (with a thickness likely to be in excess). As for the H-D cross-section we interpret this domain as representing anomalous thin oceanic crust or serpentinized upper mantle.
Cross-section I-F (Fig. 11c) runs SW-NE along the SE side of the Gorringe Bank, in the Horseshoe Abyssal Plain. The S-wave model shows a sedimentary cover and a layer with crustal velocities with variable thicknesses. Considering that this section crosses profile P1, we interpret this crustal structure as representing a layer of exhumed upper mantle with a great variation in the degree and penetration of serpentinization.
Cross-section G-F (Fig. 11d) runs S-N from the Coral Patch Ridge across the Horseshoe Abyssal Plain ending at the Marquês de Pombal plain, East of the Gorringe Bank (Fig. 1a, b) . The S-wave model shows that the Coral Patch is underlain by oceanic crust with normal thickness (between 0 and 30 km in the model). In the Horseshoe Abyssal Plain a considerable thickening of the sedimentary cover is shown. North of 30 km the S-wave model shows an anomalous thin oceanic crust. These velocities may also be interpreted as representing altered upper 
Conclusions
Cross-correlation of one-day length ambient noise records, over eleven months, allowed retrieving EGF's with good SNR. The dispersion analysis of Rayleigh wave resulting in the evaluation of group velocities between stations-pairs for a selection of representative periods. After regularization the group velocities on each grid point were inverted as a function of depth to obtain the first 3D shear-wave velocity model for SW Iberia combining seafloor-and land-based data. The size of the grid cells was defined from a checkerboard test.
Taking advantage that OBSs also recorded the hydrophone channel, the tests performed between all pairs of components (Z and H) showed that it was possible to retrieve propagation properties of seismic waves along paths between ocean and land stations with a mix of hydrophones and seismometers cross-correlations. Furthermore the hydrophone-seismometer cross-correlations showed better SNR when compare with the same path seismometer-seismometer crosscorrelation.
Another significant achievement was the enhancement of the temporal and spatial randomization of ambient seismic noise sources with the tf-PWS methodology that attenuates the incoherent noise. Thus, dispersion velocities for the different paths and sensors were obtained which allowed a joint inversion of data from OBSs and land stations.
Three main layers could be identified on the 3D S-wave velocity model: i) the sedimentary cover; ii) a layer with velocities that could represent continental crust, oceanic crust, or exhumed and serpentinized upper mantle; iii) upper mantle. The structure inferred from the S-wave model was compared with the previously known geophysical and geological information. We verified that variations in sedimentary thickness and basement relief were well represented but the S-wave model provided an estimate in excess to the known values along control profiles. These differences were particularly seen in the deeper areas of the investigated area but nearly absent close to the continental margin where sediment is thinner.
The comparison between the S-wave model and two P-wave velocity profiles obtained from the inversion of refraction and wide-angle reflection seismic data showed that the 3D model reproduced quite well the variations in thickness of the layer (ii) in all the domains investigated. Extending this interpretation to the analysis of 4 other model crosssections clearly suggests that West of profile P2 (Fig. 1b) the Horseshoe Valley (HV) and Horseshoe Abyssal Plain are underlain by either anomalously thin oceanic crust or by exhumed and serpentinized upper mantle. This conclusion questions the limits of crustal domains as proposed by Martinez-Loriente et al. (2014) that suggested that the HV should be underlain by (normal) oceanic crust of Jurassic age belonging to the Western Thetys. González et al. (1996) based on non-reversed refraction seismic data and gravity modelling already suggested that the HV has a very thick sedimentary cover underlain by a crustal layer of 5 km thickness. Also profile B/BR presented by Purdy (1975) and revised by Rovere et al. (2004) with shot B at the corner between 3 of the zones identified by Martinez-Loriente et al. (2014) and shot BR in the Jurassic oceanic crust domain of the Western Thetys (Fig. 1b) showed that side B as a less than normal crust underlain by anomalous low velocity mantle, while side BR has a much thinner crust with the same anomalous mantle. All this information taken together indicates that the Horseshoe Valley from the Horseshoe Fault to profile P2 is underlain mostly by anomalous oceanic crust and/or exhumed and altered mantle. Profile P2 may be located at the transition to normal oceanic crust, to the East. This peculiar location of profile P2 may explain the largest discrepancy we found between P-and S-wave velocity models. With a lower horizontal resolution, the S-wave model may be capturing the influence of the anomalous crustal structure just west of the crosssection (Fig. 10a) .
The results obtained regarding the deep structure of the Southwest Iberian margin show that ambient noise tomography could be a reasonable tool to get an integrated image of onshore, offshore and marginal domains but needs a geometry including OBSs near shore.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.tecto.2017.02.012.
